cancer was associated with abnormally regulated expression of normal cellular genes. 7 Recently, disrupted DNA methylation patterns were established as a contributor to metabolic syndrome, 8, 9 schizophrenia 10,11 and inflammatory or autoimmune disorders. 12, 13 The feature and distribution of DNA methylation have been studied in a variety of tissues/cells, and these genome-wide maps of DNA methylation have revealed interesting features and provided important insights into its potential functions in genome regulation. 14, 15 However, the functional mechanism underlying the variation in DNA methylation itself is still largely unknown. Previous studies have revealed that DNA methylation at specific loci can be influenced by sequence variations. [16] [17] [18] [19] So far, how these genetic variations exert their effects was largely unknown, for example, it is unknown whether the SNPs exert their effects on DNA methylation and ultimately affects the gene expression.
Genome-wide expression quantitative trait locus (eQTL) analysis is a well-known method to explore genetic effect of SNP on gene expression. This approach has extensively been used to investigate the associations between SNP and other target phenotype (eg methylation level 11, [16] [17] [18] [19] ) or between two phenotypes (eg DNA methylation and gene expression 15 ). Methylation quantitative trait locus (meQTL) analysis is a kind of improved eQTL method that has been used to investigate the associations between SNPs and the methylation levels. [16] [17] [18] [19] Another study has assessed the associations between DNA methylation and gene expression, that is, expression quantitative trait methylation (eQTMs). 15 However, such QTLs studies were largely limited to testing one single pair of association only.
Because of lack of multiple-omics data from the same set of samples, the complex triangle relationship between SNP, DNA methylation and mRNA expression was undefined yet.
This study conducted multi-omics integrative analyses as well as causal inference test (CIT) 20 to reveal the complex connections among SNP, DNA methylation and mRNA expression, and identified DNA methylation-mediated regulation effects in peripheral blood mononuclear cells (PBMCs), a commonly used target cell in immunity studies.
| MATERIAL S AND ME THODS

| Subjects and PBMC isolation
The study was approved by the Institutional Research Ethic Board at Soochow University. Table S1 showed the basic characteristics of 43 study subjects. The human subjects included 43 unrelated Chinese
Han adult females from Suzhou city of China, which were recruited originally for identifying risk molecules of rheumatoid arthritis.
Subjects were excluded from serious diseases involving vital organs (brain, liver, kidney, heart or lung). All subjects signed informed consent forms before entering this project. A total of 15 ml peripheral blood was collected and stored in sodium-citrate-supplemented vacuum tubes. PBMCs were isolated using density gradient centrifugation using Lymphoprep (Sigma, life science, USA). PBMCs were divided into two equal parts, one for DNA extraction, and the other for RNA extraction after treatment of Trizol reagent (Invitrogen, Carlsbad, CA) to avoid RNA degradation.
| Genome-wide SNP genotyping, DNA methylation profiling and transcriptome profiling
DNA was extracted from the isolated PBMCs using phenol-chloroform extraction and ultrapurification method. 21 The quality of extracted DNA was first tested by 0.8% agarose gel electrophoresis to check the integrity (usually > 10KB main band). The OD260/280 of 1.7-1.9 by NanoDrop ND-1000 (Thermo Scientific, Wilmington, Delaware) spectrophotometer was the QC cutoff of the DNA purification. Affymetrix
Genome-Wide Human SNP Array 6.0 chips were used for SNP genotyping by following the protocol recommended by the manufacturer.
The experiments were performed in the laboratory of CapitalBio Corporation (Beijing, China). We used the contrast QC greater than 0.4 for quality control. A total of 909,622 SNPs in each subject were genotyped. After excluded the SNPs with a minor allele frequency less than 5%, or a call-rate less than 95%, 551,745 SNPs were finally used in further analysis. All analyses are based on human reference genome 37 version assembly annotations.
DNA methylation profiling was performed with Illumina 450K
Infinium Methylation BeadChip according to the manufacturer's instructions in the laboratory of CapitalBio Corporation (Beijing, China). DNA methylation data quality control consist of sample QC (subjects with more than 5% probes with a detection P > 0.05 were removed) and probe QC (probes with a detection P > 0.05 more than 5% subject were excluded). DNA methylation data normalization contains background adjustment, colour-bias adjustment, quantile normalization and beta mixture quantile (BMIQ) method normalization. 
| CIT for DNA methylation-mediated genetic effect on mRNA expression
To identify DNA methylation-mediated effect on mRNA expression, we first constructed the associated trios according to the analysis results of the above three pairs. The associated trios were generated according to the physical positions of SNPs and methylation sites in genes with known official names. Herein, CIT 31, 32 was applied to identify methylation-mediated association between SNPs and mRNAs. Briefly, the causal inference simultaneously requires the following four criteria: SNP and mRNA expression is associated; SNP is associated with methylation level after adjusting for mRNA;
Methylation is associated with mRNA after adjusting for SNP;
and SNP is independent of mRNA expression after adjusting for methylation level. 31, 32 The covariates, age and disease status, were adjusted in the above four tests. The maximum of the test P-values was reported as the CIT P-Value. CIT was performed in SAS 9.2 software (SAS Institute Inc, Cary, North Carolina).
| Construction of SNP-methylation-mRNA interaction network
Based on CITs, the fulfilled association trios (SNP-methylationmRNA) were selected to construct gene regulatory network. All network data were visualized using open source bioinformatics software Cytoscape 3.3.0 (Institute of Systems Biology in Seattle). 33 
| Linkage disequilibrium analysis
Since multiple nearby SNPs from SNP-methylation-mRNA regulatory chains were simultaneously connected to single methylation site, we conducted linkage disequilibrium (LD) analysis for those nearby SNPs in HaploView 4.2 using the data of 1000 Genomes Project 34 (2504 volunteer donors from various ethnic populations).
We also obtained the LD measure r 2 , which represents the statistical correlation between two SNPs of interest and is frequently used in LD mapping because of its statistical advantages and strong theoretical basis for population genetics. When r 2 = 0, it shows that the two loci are completely independent, and r 2 = 1 means SNPs at the two loci sharing the same frequency.
| The identified SNP-methylation-mRNA chains overlapped with previous results
To find whether the identified associations in significant SNP- TA B L E 1 Summary of associations in meQTLs, eQTMs and eQTLs the 4DGenome, a general repository for chromatin interaction data (https ://4dgen ome.resea rch.chop.edu/).
| RE SULTS
| Cis-meQTL identification and distribution characteristics
A total of 551 745 genotyped SNPs and 416 285 methylation levels were tested. Among the 144 470 159 tested cis-meQTL pairs, 64 184 pairs were significant (FDR < 0.05), which corresponded to 40 896 unique SNPs and 16 033 unique methylation sites (Table 1 and Table S2 ). As shown in Figure 1 , the plots significantly deviated from the reference line for both cis-meQTLs and trans-meQTLs, but more rapidly for cis-meQTLs, suggesting that the significant regulation effects of SNPs on methylation were relatively stronger for cis-meQTLs than for trans-meQTLs in general.
Specifically, for the methylation sites in CpG regions, we iden- The distribution of the physical distance from SNPs to their associated methylation sites for all the significant cis-meQTLs (FDR < 0.05) was presented in Figure 2C . An obvious peak in frequency around the methylation sites was observed, suggesting that the SNPs from the significant meQTLs were enriched around methylation sites.
Similarly, the most effective SNPs were enriched around the methylation sites, indicating that the closer to methylation sites, the greater effects of the SNPs on methylations in general ( Figure 2D ).
| Identification of the SNP-methylation-mRNA regulation chain
We further tested the associations of the following two pairs, methylation-mRNA by eQTMs and SNP-mRNA by eQTLs. As shown in Table 1 Table S3 , including effect directions and P-values under all the tested conditions. 
| Construction of SNP-methylation-mRNA interaction network
| LD analysis
LD analyses for the SNPs physically located closely in the same chromosome were performed by using the HaploView and the genotype F I G U R E 1 Quantile-quantile plots of the associations from meQTL analyses. Local P-value: P-value from cis-meQTLs, in which the SNPs located within 1 megabase (Mb) on either side of methylation sites; Distant P-value: P-value from trans-meQTLs, in which the SNPs located outside 1 megabase (Mb) on either side of methylation sites data of 1000 Genomes Project. As we expected, strong LD structure was detected for most of the analysed SNPs. As shown in Figure 4 , we have found 7 LD blocks (3 in Chr21, 2 in Chr1, 1 in Chr11 and 1 in Chr6).
For example, an SNP group (10 SNPs) in the Block 1 of Chr21 formed an extremely strong LD block (the first sub-network in Figure 3 ), which simultaneously influenced five methylation sites (cg00612595, cg02776659, cg09417038, cg12516959 and cg20399509) and further regulated mRNA expression of YBEY. In the Block 1 of Chr1, 21 SNPs also formed a strong LD block, which correspond to the 21
SNPs-cg04982190-NCF2 regulation chains (the second sub-network in Figure 3 ). Besides, another group (16 SNPs) had strong LD in chromosome 1, which were simultaneously connected to cg05043910 and further regulated mRNA expression of TSGA10 (the third sub-network in Figure 3 ).
| Supported evidence from 4DGenome database for the identified SNP-methylation-mRNA chains
To find additional evidence to support the identified SNP-methylation-mRNA chains, we searched the 4DGenome database based on their physical positions (hg19). The information of the SNP-Methylation-mRNA chains, their located interactions, detection methods and the detected cells/tissues were listed in Table S4 .
We found 89 significant interactions that correspond to 38 unique 
| The SNP-methylation-mRNA chains relevant to immune or inflammatory related diseases/traits
Among the 191 SNPs and 37 genes involved in the identified causal trios, 19 SNPs and 7 genes were reported to be significantly associated with human diseases/traits (Table S5) , as archived in the NHGRI database and the database of Genotypes and Phenotypes (dbGaP).
The associated diseases/traits included rheumatoid arthritis, multiple sclerosis, systemic lupus erythematosus, inflammatory bowel disease and crohn disease, which are immune or inflammatory related diseases/traits. 
| The identified SNP-methylation-mRNA chains overlapped with previous eQTLs from dbGaP and GTEx
The identified regulation chains also probably provide functional explanations for previous eQTL results. After searched the dbGaP according to SNP ID, 16 eQTLs had been reported in lymphoblastoid and liver, which correspond to 13 unique SNPs and 6 genes.
Meanwhile, the GTEx Portal was also retrieved for more supportive information, and it was found 112 eQTLs results containing 74 unique SNPs and 10 genes (Table S6 ).
| D ISCUSS I ON
DNA methylation is known as an important epigenetic regulatory factor in mediating the correlations between genetic variants and mRNAs. 35, 36 EQTL analysis is a typical and powerful statistical method in explaining the functional link between SNP and disease/ trait. 27,37-39 Several studies have supported that cis-acting QTLs have large effect sizes that can be detected in a relatively small sample less than 100 subjects. 16, [40] [41] [42] A large number of cis-meQTL associations identified in our study have suggested that DNA methylation levels were under strong genetic influence. Previous meQTL studies also found abundant local effects in other tissues. 22, [43] [44] [45] Furthermore, an obvious peak observed around the methylation sites suggested that the physical distance seemed to have large effect on their associations, that is, the more close to methylation site, the greater effect for the associations. Our findings suggested that methylation sites were typically associated with SNPs in close proximity. The significant SNPs in our cis-meQTL analysis were mostly located in gene regions, including gene body and the promoter. It is because that genetic influence on the human methylome involves heterogeneous processes and is predominantly dependent on local sequence context at the meQTL sites. 45, 46 This study represents the first efforts of conducting integrative multiple omics analyses by multiple QTL tests and in-depth CIT to more comprehensively reveal methylation-mediated regulation effects. CIT provides a highly interpretable quantitative measure for a trio of variables when association between two implies causation and the third is a potential mediator. 32 This method is theoretically and computationally accessible in disentangling molecular relationships, 47 and was proposed as a novel statistical framework in which existing notions of causal mediation were formalized into a hypothesis test.
The identified 464 regulation chain of SNP-methylation-mRNA suggest that DNA methylation can emerges both as marker and determinant. 15 This study had several potential limitations. First, the relatively small sample size may offer limited power in detecting minor-or modest-effect meQTLs/eQTMs/eQTLs. Second, the inferred interaction patterns were based on multi-omics data, further cellular and molecular experiments will be helpful to validate the findings.
Third, it was probably inappropriate to extend the PBMC expression regulatory pattern to other cells or tissues because of the high tissue-or cell-specificity as mentioned above. Fourth, the subjects concerning only women may limit the extensions of the results in male or mix sample (both male and female) because gender-specific genetic architecture is common in humans. Last, the crossreactive probes and polymorphic CpGs in Illumina 450K Infinium Methylation BeadChip probably have confusing impacts on methylation readouts. 48, 49 In summary, our study comprehensively investigated the (epi-) 
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